When HeLa cells were pre-labelled with tritiated thymidine and infected with the WR or IHD strain of vaccinia virus, the host-cell DNA was broken down and reutilized for virus particle DNA biosynthesis. This phenomenon did not occur in LM cells, and was not explained by pseudovirus particle formation. Utilization of host-cell DNA, pre-labelled with [14C]-thymidine did not occur. Therefore, breakdown and re-utilization of host-cell DNA in HeLa cells resulted from intranuclear irradiation of the cells. Under these circumstances there was a markedly increased activity in the cells of an exonuclease with a pH optimum of 9"2, a requirement for magnesium ion, and which used denatured DNA as a substrate. The activity of this enzyme in such cells was directly proportional to the amount of irradiation, measured as the specific activity of the pre-labelled host-cell DNA. Associated with the vaccinia virus particles obtained from intranuclearly irradiated HeLa cells was an alkaline DNase inhibited by magnesium ion.
INTRODUCTION
It is well known that the T-even bacteriophages break down and re-utilize host-cell (Escherichia coli) DNA during their replication (Cohen, I965) . Although this phenomenon has been looked for with various animal DNA viruses, including vaccinia virus in several cell types, no evidence had previously been obtained for host-cell DNA utilization (Magee, Sheek & Burrows, I96O; Kit & Dubbs, ~96z; ~967; zur Hausen, ~969) . In connexion with other studies (Fujiwara & Heidelberger, I97O ) , we have found that in HeLa cells pre-labelled with tritiated thymidine there is extensive utilization of host-cell DNA thymidine in the biosynthesis of vaccinia virus particle DNA. The present report describes our evidence for this and the circumstances under which it occurs.
Since it seemed likely that the breakdown of host-cell DNA was caused by a DNase, we have looked for such activity in our irradiated pre-labelled and infected cells. It is known that new DNases appear in cells infected with poxviruses (Jungwirth & Joklik, I965; McAuslan, I969) , and that the irradiation of rats increases the activity of an acid DNase normally present in proliferating tissues (Douglass & Day, I955; Kurnick, Massey & Sandeen, I959) . Furthermore, an acid DNA exonuclease and a neutral DNA endonuclease have been found associated with purified vaccinia virus particles (Pogo & Dales, I969a, b) . In our experiments we have found increased activity of an alkaline DNase, which we believe can account for the re-utilization phenomenon that we have discovered.
Purification of labelled vaccinia virus particles.
This was done as previously described (Fujiwara & Heidelberger, 197o) . The virus suspension from a cytoplasmic preparation treated by ultrasound was centrifuged through a 25 to 45 ~ sucrose gradient in a Spinco SW 39 L rotor in a Model L ultracentrifuge for 45 min. at 15,ooo rev./min. The band of virus particles was purified twice more in the same sucrose gradient. The number of purified particles was calculated by measuring the extinction at 26o nm. (I E2G0 = ~ 'z × Io a° particles, as determined by Sarov & Becker, 1967) .
Determination of cell viability. The viability of the cells was determined by counts of colonies formed by known numbers of cells plated in plastic Petri dishes with 5 ml. of prewarmed medium. After cultivation for 1 week at 37 °, the cultures were washed, fixed with methanol, and stained with Giemsa. The plating efficiency was compared with that of controls. The viability was also determined by staining with o-25 ~ trypan blue.
DNA isolation. DNA was isolated from lO 7 to Io 9 cells by the following modification of the methods of Kirby & Cook (1967) and Parish & Kirby (i 967) . The cells were washed with phosphate-buffered saline and suspended in a small volume of o'15 M-NaC1 plus o'o15 Msodium citrate (SSC). The cell suspension was shaken gently at room temperature for 3o min. to lyse in a mixture of sodium triisopropylnaphthalene sulphonate, I g. + butan-2-ol, 6 ml. + water, ~oo ml. + sodium p-aminosalicylate, 6 g. + NaC1, I g. + sodium dodecyl sulphate, 1 g. The cell lysate was added to an equal volume of a mixture containing 5oo g. phenol + 7o ml.
Utilization of host-cell DNA 4o3 m-cresol + 0"5 g. 8-hydroxyquinoline + 55 ml. water. The mixture was stirred for 3o min. at 4 °, and centrifuged at ~2,ooog for 60 min. The upper phase containing DNA was carefully removed and re-extracted with o'5 vol. of the phenol + cresol mixture. The upper phase was again separated by centrifugation, made 3 ~ with respect to NaC1 and 2o ~ in sodium benzoate, and the DNA was precipitated by the gradual addition of o.2 to 0"4 vol. of 2-butoxyethanol. The DNA was fished out on a rod, dissolved in a small amount of SSC, and treated for 3o rain. at 37 ° with zo #g./ml. of ribonuclease (Worthington, pre-heated for 20 min. at 8o ° in o'15 M-NaC1, pH 5"o). The DNA solution was deproteinized several times with an equal volume of isoamyl alcohol+chloroform (I/24), and the DNA precipitated with z vol. of cold 95 ~ ethanol and re-dissolved in SSC.
The radioactive DNA used as substrate for the DNase assay was isolated from HeLa and LM cells by the method of Kirby & Cook (I967) , and treated with RNase. The DNA 0oo to I5o/~g./ml.) was denatured by heating in o'o5 M-tris+HC1 (pH 7"5) at Ioo ° for IO min., and then cooled rapidly in an ice bath (hyperchromicity increase 22 to 28 ~oo).
Preparation of the enzyme extract. Mock-infected and vaccinia virus-infected cells were harvested by centrifugation, washed twice with phosphate-buffered saline, and frozen at -6o ° until used. For the preparation of extracts, the cells were suspended in o.oi M-tris + HC1 (pH 8.o) and treated in an MSE ultrasonic disintegrator (I½ rain. at I"5 mA and 125 v). After centrifugation for I hr at I2,ooog, the extracts were assayed for DNase activity.
Assay of DNase activity. After incubation for 40 rain. at 37 °, the reaction mixture was chilled, and o.I ml. of o. 5 bovine serum albumin was added as a carrier followed by o.2 ml. of IO ~ cold trichloroacetic acid. The mixture was centrifuged for 3o rain. at 5oog, after standing at o ° for 30 rain. A sample (o.2 ml.) of the supernatant fraction and o'5 ml. of distilled water were added to Io ml. of Scintisol-complete (Isolab, Akron, Ohio) , and counted in a Packard Tricarb liquid scintillation spectrometer. The enzyme activity was expressed as disintegrations or counts/ min. rendered acid-soluble/mg, protein. The endonuclease activity was assayed by the membrane filter (Schleicher & Schuell nitrocellulose membrane filter Grade B-6) assay described by Geiduschek & Daniels (1965) . The envelopes of purified virus particles were stripped by IO rain. incubation at o ° with 0"25 ~ Nonidet P-4o (Shell) and I ~ dithiothreitol (Sigma), as used in the assay for RNA-dependent DNA polymerase of Rous sarcoma virus by Temin & Mizutani (197o) .
Analytical methods. DNA was determined by Burton's modification (I 968) of the diphenylamine reaction. The DNA content of purified virus particles was calculated by measurement of the extinction at 26o nm., using Sarov & Becker's (I967) value I E,,60 = 3"3/tg./ml. The purified particles were diluted with o. 5 i-tris+HC1 buffer, pH 8.o; o.I to 2.oml. was dissolved in IO ml. of Scintisol, and radioactivity was measured in Packard Tri-Carb liquid scintillation spectrometers. Some of the particle preparations were digested with pronase + sodium dodecyl sulphate as described previously (Fujiwara & Heidelberger, I97o) . Samples of cellular DNA were treated in liquid scintillation vials with ioo #g./ml. of DNase (Worthington), and counted after addition of o'5 ml. of water and lO ml. of Scintisol.
Autoradiography. Autoradiographs were prepared by the dip-coating method (Fujiwara, T. OKI, Y. FUJIWARA AND C. HEIDELBERGER 1967), using Ilford K-5 liquid emulsion (diluted I/2 with distilled water). They were exposed for 5o days in the cold and developed with Kodak D-I9, fixed with acid fixer, and stained with Giemsa.
RESULTS

Evidence for the re-utilization of host-cell DNA
The extent of re-utilization of host-cell DNA was examined in several experiments employing cells pre-labelled with [3H]-thymidine under various conditions. In three representative experiments (Table I) there was appreciable utilization of host-cell DNA by both WR and IHD strains pre-labelled with [3H]-TdR HeLa cells, but only very slight utilization by mD virus in LM cells. In our hands, WR virus grew only poorly in LM cells. It appears that the type of cell rather than the strain of vaccinia virus determines whether the virus can re-utilize host-cell DNA. The IHD strain grew better than the WR strain in HeLa cells; there was good cell growth and relatively little toxicity in the presence of the label in these experiments; and the acid-soluble radioactivity in the cells decreased with time, and much radioactivity was released into the medium during infection and virus replication.
To check whether the utilization of host-cell DNA was due to the formation of pseudovirus particles such as occurs with polyoma virus (Winocour, 1967), we examined virus of WR strain grown in HeLa cells which had been partially synchronized by the induction of thymidine deficiency with amethopterin and released by [3H]-BUdR. Under these conditions BUdR is incorporated solely into one strand of the DNA (Fujiwara et al. 197o) . If the DNA of such labelled cells were packaged into virus capsids to form pseudovirus particles, then the particle DNA would also be density-labelled in only one strand. If, on the other hand, the host-cell DNA were broken down and re-utilized, the virus particle DNA would have the Utilization of host-cell DNA 4o5 BUdR evenly distributed in both strands. Neutral CsC1 equilibrium density centrifugation of the host-cell DNA taken immediately before infection (Fig. ] a) gave a single band of extinction and tritium (from BUdR) at the hybrid density of 1.725 (normal HeLa cell DNA has a density of 1.7oo), and centrifugation of the same DNA in alkaline CsC1 (Fig. I showed separation of the hybrid DNA into an unlabelled light strand (density ~.725) and a labelled heavy strand (density 1.832 ). By contrast, when the DNA extracted from purified virus particles grown in these cells in the presence of additional [14C]-TdR was centrifuged; the extinction, tritium label (from BUdR), and [14C]-label (from TdR) all coincided in a single peak at a hybrid density of 1.735 (Fig. I c) . According to the specific activities of the host-cell DNA and its percent utilization in the DNA of the purified particles (Table 2) , pH]-BUdR in HeLa cell DNA was utilized for vaccinia virus replication to about the same extent as [aH]-TdR. This experiment demonstrated unequivocally that pseudovirus particle formation did not occur, and that the host-cell DNA was broken down and re-utilized, appearing equally in both strands of the new virus particle DNA. Independent confirmatory evidence for the utilization of host-cell DNA was obtained by autoradiography of HeLa cells pre-labelled with tritiated thymidine and infected with wR vaccinia virus. Before infection only the nuclei of these cells were labelled (Fig. 2a) . By contrast, 2o hr after infection (Fig. 2b) there were large clusters of grains in the cytoplasm. These were inclusions of vaccinia virus, comparable to the 'B' type of inclusions studied autoradiographically by Kato, Kameyama & Kamahora (~ 96o) with cowpox virus replicating in FL cells in the presence of [aH]-TdR. Since in our experiments the host-cell DNA was the only source of tritium, the heavily labelled cytoplasmic virus inclusions offered further proof of its breakdown and re-utilization.
Having established that vaccinia virus re-utilized host-cell DNA during replication in pre-labelled HeLa cells, it became necessary to establish the mechanism and explain the results of those investigators who had not found this phenomenon. The clue to the solution came from the experiment (Table 2) (Table 2 ). Since it is well known that tritiated thymidine incorporated into DNA shortens the life span of mice (Samuels, Kisieleski & Baserga, I964) , induces tumours in mice (Baserga, Lisco & Kisieleski, I966) , and kills more cells than does [14C]-thymidine (McQuade & Friedkin, 196o) , it seemed possible that intranuclear irradiation might somehow be responsible for the utilization of host-cell DNA observed in our studies.
Evidence that intranuclear irradiation & responsible for utilization of host-cell DNA
There was a dose-dependent effect of various concentrations of [~H]-TdR in the medium on the plating efficiencies of uninfected cells (Fig. 3) . LM cells were very much more radiosensitive than HeLa cells. There was a similar correlation between the specific activity of the cellular DNA and the plating efficiencies of the cells. Few of the cells pre-labelled with [I~C]-TdR were killed, even though their DNAs had very high specific activities (Fig. 3 , Table 2 ).
There was a linear relationship between the specific activity of the tritiated host-cell DNA and the percentage re-utilization of that DNA by virus particles replicating in HeLa cells. However, there was very little re-utilization of host-cell DNA by the particles grown in LM cells, probably because of their radiosensitivity. There was also a direct relationship between the percentage utilization of HeLa cell DNA and the number of particles/p.f.u., as determined with the purified particles (Fig. 4 a, b) .
DNase activities in infected and irradiated cells
A general survey of the DNases in extracts made 8 hr after infection or mock infection showed the previously reported poxvirus-induced activities at pH 5, 7'8 and 9'2. However, our attention was primarily drawn to the magnesium-dependent activity at pH 9"2 because of differences between irradiated and unirradiated cells. The time-course after infection of the increase in alkaline DNase activity in HeLa and LM cells was studied (Fig. 5) . We concluded that denatured DNA was degraded much more extensively than native DNA; DNase activity in the infected cell extracts increased with time after infection; in the 100 I-× j_ I
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-2 --1 Log/lc/ml. When the cell extracts were made 4 hr after infection and assayed for alkaline DNase activity, there was a linear relationship between the specific activity of the host-cell DNA and DNase activity in HeLa cells infected with wR virus (Fig. 6) . However, there was no significant increase of DNase activity with increased specific activities of host-cell DNA in the LM cells infected with IHD virus. We studied in irradiated HeLa cells infected with WR virus the alkaline DNase by the method of Geiduschek & Daniels (~965) to distinguish between exoand endonucleases. There was no appreciable loss of p4C]-DNA from the nitrocellulose filter with as much as 23o #g. of protein of the infected cell extract, whereas pancreatic DNase, a known endonuclease, caused appreciable loss of [~C]-DNA from the filter at concentrations down to IO 2 Fg./ml. The enzyme was, therefore, an exonuclease. 
DNase activities associated with purified vaccinia virus particles
Vaccinia virus particles purified by four sucrose gradient sedimentations were treated with a non-ionic detergent and examined for DNase activities at three pH values, with and without Mg 2+ (Table 3 ). In IHD virus particles obtained from unirradiated and irradiated LM cells, no alkaline and very little neutral DNase activity was detected, and there was no major difference between the acid DNase activities. With the WR virus particles the situation was quite different. In the particles obtained from the unirradiated HeLa cells, no alkaline and little neutral DNase activity was found. However, in the particles obtained from the irradiated HeLa cells there was a dose-dependent increase in acid, neutral, and alkaline DNase activity. It is of interest that the neutral and alkaline DNases associated with the vaccinia virus particles were inhibited by Mg 2+, whereas in the virus-infected cell extracts these DNases required Mg 2+.
Utilization of host-cell DNA 4I I
DISCUSSION
We have demonstrated unequivocally by three different techniques that when HeLa cells are pre-labelled with tritiated thymidine and then infected with either the wR or IHD strain of vaccinia virus, there is breakdown and efficient re-utilization of host-cell DNA in the biosynthesis of vaccinia virus DNA. This appears to be the first such observation with DNA animal viruses. This process does not involve pseudovirus particle formation, but results from intranuclear irradiation of the cells with the tritium that had been incorporated into the DNA, since there was much less host-cell DNA utilization by vaccinia virus when the cells were pre-labelled with In general, the utilization of host-cell DNA by vaccinia virus in intranuclearly irradiated cells is not simply a function of radiation damage or toxicity to the cells. Although LM cells are much more radiosensitive than HeLa cells, we were unable to find any conditions under which we could demonstrate appreciable utilization of host-cell DNA by vaccinia virus strain II-ID in LM cells. This confirms the previous observations of Kit & Dubbs (I962) . Thus, this phenomenon is a property of the cells in which the virus replicates and appears to be independent of the strain of vaccinia virus.
It is of interest that there is an increase in the number of purified virus particles/p.f.u, with increasing utilization of host-cell DNA. The infectivity of virus particles replicating in radiation-damaged cells is thus less than in undamaged cells, suggesting the interesting possibility that the infectivity of the virus particles may be directly damaged by the localized irradiation of the virus DNA. However, these particles are also abnormal with respect to their particle-bound DNases.
We believe that the breakdown of HeLa cell DNA that precedes its re-utilization in vaccinia virus replication can best be explained in terms of the action of the DNase with its pH optimum at 9"2, which is probably an exonuclease acting on denatured DNA. The activity of this enzyme is considerably greater in intranuclearly irradiated HeLa cells than in unirradiated HeLa cells; no such increase was found in extracts of similarly irradiated LM cells in which the re-utilization phenomenon was not observed. An alkaline DNase is also induced in vaccinia-infected irradiated or unirradiated HeLa and LM cells, and there is a dose-response relationship between the specific activity of the host-cell DNA (which represents the source of the irradiation) and the alkaline DNase activity in extracts of the same vaccinia virus-infected cells. Since these radiation-induced and virus-induced enzymes would have been assayed together, we cannot assess their relative contributions to any given result. Nevertheless, based upon the above considerations, it seems reasonable to suppose that the radiation-induced cellular DNase is responsible for the breakdown and re-utilization phenomenon. Pogo & Dales (I969a , b) demonstrated that DNase activities with pH optima at 5"o and 7"8 are associated with vaccinia virus particles and are released by non-ionic detergents. These enzymes work best on denatured DNA and are inhibited by Mg 2+. We have confirmed these observations, although there was practically no activity at neutral pH in the normal virus particles. In addition, we found an alkaline DNase associated with vaccinia virus particles containing appreciable amounts of labelled DNA. This enzyme was inhibited by Mg z+, which is required by the cellular enzyme. This particle-associated DNase was not found in LM ceils infected with the IHo strain of vaccinia virus, where there is no breakdown and re-utilization of host-cell DNA. In our opinion, however, the particle-associated alkaline DNase cannot be the cause of the breakdown of the host-cell DNA before its utilization for vaccinia virus replication. The reason is that the particles that contain the radiation-induced alkaline DNase must be progeny of the original infectious virus, and hence this enzyme cannot be concerned with the breakdown of the host-cell DNA. The function of this particleassociated DNase is presently unknown.
The finding of this new DNase in virus particles grown only in irradiated cells raises the general question of the extent to which one can rely on the demonstration of an enzyme activity associated with purified particles to indicate a virus-specific protein. It appears that some cellular enzymes could become attached even to internal structures during the course of virus particle assembly.
